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NUMERICAL INVESTIGATION OF DUAL-MODE SCRAMJET
COMBUSTOR WITH LARGE UPSTREAM INTERACTION

SUMMARY

Dual-mode scramjet combustor configuration with significant upstream
interaction is investigated numerically. The possibility of scaling the domain to
accelerate the convergence and reduce the computational time is explored. The
supersonic combustor configuration was selected to provide an understanding of key
features of upstream interaction and to identify physical and numerical issues relating to
modeling of dual-mode configurations. The numerical analysis was performed with
vitiated air at freestream Mach number of 2.5 using hydrogen as the sonic injectant.

Results are presented for two-dimensional models and a three-dimensional jet-to-jet

symmetric geometry. Comparisons are made with experimental results. Two-

dimensional and three-dimensional results show substantial oblique shock train reaching
upstream of the fuel injectors. Flow characteristics slow numerical convergence, while
the upstream interaction slowly increases with further iterations. As the flow field
develops, the symmetric assumption breaks down. A large separation zone develops and
extends further upstream of the step. This asymmetric flow structure is not seen in the
experimental data. Results obtained using a sub-scale domain (both two-dimensional and
three-dimensional) qualitatively recover the flow physics obtained from full-scale
simulations. All results show that numerical modeling using a scaled geometry provides
good agreement with full-scale numerical results and experimental results for this
configuration. This study supports the argument that numerical scaling is useful in
simulating dual-mode scramjet combustor flowfields and could provide an excellent

convergence acceleration technique for dual-mode simulations.
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1. INTRODUCTION

Essential to the design of the dual-mode scramjet engine is a detailed
understanding of the complex physics present in different regions of the flowfield for
various operating conditions. While much research have been conducted for both ramjet
and scramjet (supersonic combustion ramjet) engines, few studies have been directed
towards the design of the mid-speed range of the dual-mode scramjet combustion
chamber. '

A dual mode ramjet can combine both subsonic and supersonic combustion
operations to cover a wide flight domain, from potentially M=2 to M>15. For high-speed
flow (flight Mach number over 8), the combustion chamber flowfield is dominated by
supersonic combustion. The pressure increase due to combustion is confined to the
combustion chamber, thus influencing only the downstream flow. As the flight Mach
number is decreased, efficient power production becomes complex. At these relatively
low Mach numbers, subsonic combustion occurs. To achieve this, the supersonic flow is
allowed to shock down to subsonic speeds. With flow expansion and additional heat
from combustion the flow accelerates to supersonic speeds; the needed energy is attained.
This transitional regime, between scram and ram-mode operation, is termed dual-mode.
It is typically between flight Mach numbers 5-8.

The complex physics of dual mode combustion poses interesting problems for
research and design. In a supersonic combustor the residence time of the gases becomes

on the order of a millisecond. Reduced mixing due to compressibility effects at high



Mach numbers have further complicated progress towards an effective fuel injection
design.'? Thus, mixing augmentation techniques are an essential requirement for the
development of this. engine. The pressure rise due to combustion heat generation
separates the boundary layer and creates large recirculation regions upstream of the
injection. These regions may extend into the isolator, which is designed to assure the
pressure disturbance does not reach the inlet. Here, the core flow may become subsonic,
remain supersonic, or result in inlet unstart. The extent of this upstream interaction may
be affected by several factors: ratio of inflow-enthalpy to combustion heat generation,
inflow distortion, non-adiabatic conditions, step-changes in flow, aspect ratio, or
downstream expansion ratio. The length of the isolator is of great importance. While a
long isolator is necessary to maintain a stable flowfield, a short isolator is advantageous
for weight constraints.

Most dual-mode combustors are complicated. One design, for example, consists
of transverse sonic fuel injection, rearward facing steps, dual-mode combustion, a long
isolator, and the presence of large subsonic and supersonic pockets. This isolator region
is characterized by large separated regions along the walls and a slowing supersonic core
flow. Generally the average Mach number becomes subsonic (M~0.8-0.9), but the core
flow just reaches sonic conditions. Experimental measurements within such a flow are
difficult due to disturbance propagations in the low Mach flow and high static
temperature regions. Unfortunately this complex flowfield is also very difficult to
simulate numerically. More studies about the dual mode combustion must be conducted
to understand the complicated physics of such flows.

Constraints on system size and weight have created a need to improve technology
for designing and analyzing complex systems. Faster processors and efficient numerical
techniques are essential. However, often it is the physical dimensions of the problem
that, in requiring a fine mesh, consume a great deal of computational time. In such cases,
it is the responsibility of CFD modelers to understand how physical problems can be
scaled to utilize computational space more efficiently. It is well known that for many
systems it is possible to scale physical dimensions and governing equations to give non-

dimensional results. As a minimum, the results from scaled geometry could be used to



accelerate the convergence of full-scale geometry simulations. The complexities of the
turbulence, mixing, and chemical reaction make scaling of this problem an interesting
task.

The motivation of this study is twofold. First, essential to the design of the
supersonic combustion ramjet (scramjet) engine is a detailed understanding of the
complex flowfield in different regions of the combustion system. Second, in a fiercely
competitive market, it is necessary to research means of simplifying computer simulations
to utilize space more efficiently. Geometrical scaling can be used in some cases to cut

costs of computational analysis.

The defining characteristic of dual mode combustion flowfield is the upstream
interaction. Many studies have been conducted in response to the increased interest in the
development of dual mode combustion systems.z'16 Some of these recent studies have
been concentrated around an experiment performed in Japan.5? Matsuo et al.'® and
Mizobuchi et al.'! conducted numerical-experimental studies to investigate turbulence
temperature fluctuations in a scramjet combustion chamber. They concluded that the
treatment of turbulence modeling was the key to an accurate computational scheme.
Riggins12 explained some of the shortcomings in current modeling capability. He
concluded that the extent of upstream interaction and the details of the pressure
distribution in the combustion chamber could not be accurately represented at this time.
Rodriguez et al.’*'% also investigated this three-dimensional dual mode system.
Numerical modeling with and without anti-symmetry assumptions was compared. The
anti-symmetric assumption results showed good comparison with experimental data.
However, after removing the anti-symmetry constraint, the experimental results were not
accurately reproduced. Rodriguez concluded that the expected anti-symmetry was

missing and the numerical results were unstable.

Dutton and Carroll!’ found asymmetric phenomena in their numerical and
experimental study of supersonic duct flow. They concluded that shock train interaction
with boundary layer may have caused a highly non-uniform and possibly unsteady flow at



the duct exit. In two recent publications, Rodriguez et al."” and Rodriguez'® discussed the
interaction of the separated flow regions interacting with shock-train as a possible source
of the asymmetric perturbation. Mohieldin et al.'® presented some of the results of this
present study, and discussed the apparent breakdown of the symmetry condition.

There have been occurrences of asymmetric and possibly transient behavior in
flowfield of supersonic air over a backward facing step. However, very few studies have
addressed this issue.

In a two-dimensional numerical simulation, Uenishi et al.' modeled laminar
Mach 3.5 flow over a small backward-facing step. This simulation did not reach a steady
state and it appeared to be periodic. They also noticed that the degree of unsteadiness of
the flow was directly related to the thickness of the boundary layer approaching the step.

In a recent paper, Matsuo and Mizomoto®® performed two-dimensional numerical
simulations of Mach 2.5 flow over a backward-facing step with normal sonic jet
penetration downstream of the step. For a 6mm step, they found unsteady oscillations in
the flowfield downstream of the step for a dynamic pressure ratio range from 0.2-0.6;
outside that ratio range the flow was steady. They observed that the mechanism of
oscillation and its frequency were dependent on the static jet-to-back pressure ratio.

There has been an abundance of research, both experimental and numerical, into
separated flow in a symmetric geometry where asymmetric/unsteady flow is observed. A
popular geometry is the axisymmetric sudden expansion duct. This flow is essentially the
same as flow over dual backward-facing steps. However, to qualify as a sudden
expansion, the step height to domain height ratio has to be at least 1:2. Both two-
dimensional and three-dimensional models of sudden expansion geometry have been
investigated. Asymmetries in the flow have been observed as different reattachment
lengths or uneven velocity distributions. Classic papers on this subject include Abbott
and Kline?!, Durst et al.>, Cherdron et al.>, and Restivo and Whitelaw?*. More recent
papers include Cole and Glauser”, Kudela?®, Aloui and Souhar’’, and Lee and Sungzg.

In an often-cited paper by Abbott and Kline?!, experimental results for turbulent
flow in a symmetric sudden expansion duct are presented. They demonstrated that

Prandt!’s classical model of stall, which implies a steady two-dimensional flow, was only



an approximation to the real phenomenon of stall. They explained that even for simple
two-dimensional geometries, there exist three-dimensional and time-dependent effects.
From their experimental results, they were able to divide the turbulent separation region
into three parts: (I) a three-dimensional zone directly downstream of the steps and
characterized by two or more counter-rotating vortices rotating about axis parallel to
though flow direction, (Il) a two-dimensional region adjacent to zone (I) that is the
classical recirculation region, and (IIl) a time dependent tail region downstream of zone
(II) that is periodically changing in size. For ducts with expansion area ratios over two
they found asymmetric results. As turbulent intensity was varied from 1% to 18%, there
was no appreciable change in lengths of the zones. They also observed little change in
flow model and reattachment length with changes in the inlet boundary layer. These
findings led to their conclusion that turbulence is extremely important in that the self-
generated mixing dominates any turbulence normally existing in the inlet flow. Although
the test range, Re=20,000-50,000, was small, they concluded that these turbulent results
could be extended to all turbulent flows, as long as the Re number is high enough to
provide turbulent boundary layers at the inlet.

Recently, Cole and Glauser” performed an experiment at Re=41,000 to
investigate possible causes of the unsteady flow. Careful attention was paid to not disturb
the flowfield with measurement equipment. Flow asymmetry was obvious by the
unsteady reattachment length. They concluded that coherent structures from the near
field shear layer may propagate downstream into the reattachment region and cause
asymmetries. Kudela’® used a vortex method to numerically model two-dimensional
channel flow. At Re=56 he found a symmetric result. At about Re=114, the symmetric
solution was lost. Finally, for a Re=100,000 he recorded asymmetric behavior. While
the focus of his paper was to investigate the vortex method, it showed another
computational method that provides results in asymmetric behavior. A recent experiment
of symmetric turbulent water flow with sudden expansion was provided by Aloui and
Souhar®”’. For a Re of 32,000, this symmetric two-dimensional experiment showed an
asymmetric result. Lee and Sung®, also performed an experiment, using multi-point

measurements, to investigate wall pressure fluctuations over a backward-facing step.



They concluded that shed vortices play an important role in the mechanism of the
breakdown of symmetry and the pressure fluctuations.

Since unsteady behavior is commonly associated with turbulence (vortex
shedding), it is completely unexpected to find asymmetries in flow where one would
innocently assume symmetry, with Reynolds numbers as low as 155. However, this is
exactly where the asymmetry begins. For this reason, there has been much research into
laminar flow and asymmetric behavior.

Possibly the first experiment in laminar sudden expansion in plane flow was
conducted by Durst et al”2. At Re=56, they observed generally symmetric flow. At
Re=114 and 252, they found asymmetric yet stable results.

A paper by Chedron et al.> provided detailed data from a laminar experiment of a
symmetric two-dimensional sudden expansion geometry. This paper provided an
excellent review of asymmetric and unstable behavior in symmetric problems and offered
explanations for the asymmetric experimental results. The source of the asymmetry is a
disturbance generated at the leading edge of the expansion step. The shear layers amplify
this perturbation. This report concluded that the length of the recirculation regions is
dependent on maximum velocity, step height, and initial mean velocity profile and not on
the expansion ratio.

Restivo and Whitelaw® further investigated the flow regime from initially
becoming asymmetric with vortex structures to turbulent flow at about Re=2000. Their
findings lent further support to the ideas of Cherdron et al>>.

Sobey and Drazin® examined laminar flow in a sudden expansion duct. As the
Reynolds number increased, a symmetric result changed to a possibly periodic solution;
the flow attached preferentially to one wall. Once the velocity increased on that wall, the
pressure decreased. This pressure difference maintained the asymmetry of the flow.

Recent experimental and numerical data are found in Fearn et al*®. This paper
showed that critical Re is dependent on expansion ratio, and, at critical Re, the solution
bifurcates losing stability into a pair of stable asymmetric solutions. It also provides
experimental evidence that the time-dependent solution at higher Re is associated with
three-dimensional effects not Hopf bifurcation.



Most studies into combustion chambers or simple geometries with dual/opposite
steps make the assumption of symmetry along the chamber centerline, modeling half the
domain. This seems obvious, since the geometry is symmetric. However, it appears that
this is not a safe assumption. While the critical Reynolds number (where transition from
symmetric solution to asymmetric solution occurs) is still unknown, it is commonly
accepted that flow with a large sudden expansion results in asymmetric flow. The
differences between these past studies and the present study are acknowledged. The
effects of compressibility, high temperatures, and supersonic flow on
symmetric/asymmetric sudden expansion flow have not been studied.

Scaling is frequently used to achieve non-dimensional results. Unfortunately,
only a few studies have been conducted on the scaling of mixing and reacting flows.
Diskin and Northam®' conducted an experimental study on the effects of scale on dual
mode combustor performance. They concluded that the calculated combustion efficiency
appears to be independent of scale for the same geometry, yet more tests are required to
verify this. For a combustion chamber with constant area region downstream of the jet,
their results show amazing similarity between the small and large scale cases. The
efficiencies of mixing and combustion are independent of the scale. Also, prediction of
pressure seems unchanged with scaling. Some results from the present study were
presented by Mohieldin et al>. This paper concluded that scaling could be a useful
convergence technique.

The objective of this study is to numerically investigate a dual-mode scramjet
combustor configuration with significant upstream interaction. First, an investigation is
made into geometrical scaling. The complex flowfield of the dual-mode engine is
dominated by heat release from combustion and the resulting pressure increase. When
modeling such a situation it is possible to obtain a fairly accurate solution using a scaled
model. Both two-dimensional and three-dimensional models of the scramjet engine are
studied. Results from % scale, % scale, and full scale are compared to assess the effect of
scaling.

While investigating the possibility of scaling a dual-mode engine, asymmetric

behavior was encountered where symmetric behavior was expected. As a result more



studies are conducted to provide an understanding of key features of dual-mode
combustion. Progression of the flow solution, particularly upstream interaction is studied
using two-dimensional and three-dimensional models. Numerical results are compared

with experimental data.



2. THEORETICAL FORMULATIONS

2.1 Physical Domain and Conditions

Experiments were performed on a laboratory model for the scramjet, in a blow-
down type wind tunnel. The tests were conducted at the National Aerospace Laboratory
(NAL)in J apan‘”.

The rectangular combustor was directly connected to the facility nozzle. Between
the nozzle and the combustor, a constant cross-sectional area isolator was inserted (Fig.
2.1). It was insulated to mitigate combustor-facility interaction and to prevent the
combustion induced pressure wave from propagating upstream into the nozzle. The
isolator height was 32 mm and extends 200 mm downstream. There were 3.2 mm
backward-facing steps on the upper and lower sidewalls of the chamber. A constant
cross-sectional area was attached downstream of the step for 96 mm. Then the sidewalls
diverged at 1.7 degree angle. The width remained constant throughout the chamber at
147.3 mm. A hydrogen vitiation air heater was used for simulating high temperature air
entering the supersonic combustor. The freestream vitiated air Mach number of 2.5
represents a flight Mach of 7.5. It had Oz, N, and H,O mole fractions of 20%, 55%, and
25% respectively. The total temperature was 2000 K and total pressure was 10 atm.

Fuel jets were located 12.8 mm downstream of the steps on the upper and lower
sidewalls. On the lower wall, there were five fuel injection holes and four on the upper
wall. These fuel injection jets were equally spaced with 32 mm between the injectors.
The injectors on the upper wall and the three center jets on the lower wall were of 4.0 mm
diameter. The remaining 2 lower jets, closest to the walls, were of 2.8 mm diameter.
Gaseous hydrogen was injected perpendicularly through these circular orifices at sonic

condition with a total temperature of 280 K.
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Figure 2.1 Schematic of experimental combustor.
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2.2 Numerical Model

Before modeling the entire experimental domain, it was necessary to simplify the
model to investigate certain aspects of the code. To simplify the three-dimensional case,
Jet-to-jet symmetry was assumed. As shown in Fig. 2.1, the computational domain was
simplified to encompass half of the upper and half of the lower jet (using the symmetry
condition for these planes). To conserve computational time the possibility of scaling the
problem was also investigated. An analysis of a % scale jet-to-jet three-dimensional
model of the combustion chamber was performed.

A hydrogen jet was injected transversely into supersonic flow in a scramjet
engine. The free-stream inlet height was 32 mm and the inlet channel was 220 mm long.
There were 3.2 mm steps on the upper and lower walls of the chamber. The walls were
then parallel over 96 mm. Finally, the chamber expanded at 1.7 degree angle. The jets
were located 12.8 mm downstream of the steps on the upper and lower walls. For the
three-dimensional jet-to-jet case, there were two half jet injection holes, one each on the
upper wall and lower wall. The jets were of 4.0 mm diameter. The distance between the
injection hole centers was 32 mm.

To reduce computational difficulties, the problem can be considered as two-
dimensional. To simplify the geometry, one slot was placed on both the upper and lower
walls. A slot width of 0.34 mm was calculated to maintain the mass flow rate ratio of
free-stream air to hydrogen.

Table 2.1 provides the boundary conditions. The free-stream vitiated air Mach
number was 2.5, with O, N3, and H;0 mole fraction of 20%, 55%, and 25% respectively,
with a total temperature of 2000 K and total pressure of 10 atm. However, to encourage
upstream interaction in a two-dimensional case, the total pressure was cut to 5 atm. The
hydrogen jets Mach number was 1.0 with a total temperature of 280 K and a total
pressure of 6.64 atm.



Table 2.1 Boundary conditions

\};ir:;;sggagr Jet Injection
M 25 1.0
Pt (atm) 10 * 6.64
Ps (atm) 0.55 * 3.51
Tt (K) 2000 280
Ts (K) 1055 233
Velocity (m/s)jl 1654 1160

* In the two-dimensional symmetry investigation the pressure is
reduced by haif.

12



13

2.3 Flow Characteristics

In this problem, the freestream Mach number is supersonic, but combustion
cannot necessarily be considered high-speed scramjet combustion (flight Mach above 8).
At the transition between ram-mode and scram-mode, flight Mach number between 5 and
8, the combustor flow is often “dual-mode.” In a dual-mode system the flow field is not
entirely subsonic or supersonic. It is characterized by regions of both subsonic and
supersonic flow behaviors, which create a complex transitional fluid dynamics problem.
In this section dual-mode scramjet flow characteristics are discussed.

2.4 Geometry

Essential to the design of a dual-mode scramjet engine is the geometry. Common
features are backward facing steps and an isolator region upstream of the combustion
chamber. The step serves several purposes. It separates the isolator boundary layer from
the large pressure rise of combustion. It creates a recirculation region, downstream of
the step, which increases fuel-air mixing and sustains combustion. This recirculation
region is subsonic and helps to ignite and sustain combustion.”> The isolator used in this
study is a constant area section added as a buffer between the inlet and the combustor to
diffuse the supersonic flow to subsonic condition and to prevent unstart. This region is
particularly important for dual mode flow because of the occurrence of significant
upstream interaction, which may extend a long distance upstream, possibly resulting in
engine unstart. However, weight/cost issues prevent the introduction of a long isolator
region. Understanding the length requirement of the isolator is of extreme importance in

scramjet design.

2.5 Flow Dynamics
Characteristic features of the flow field can be seen in Fig. 2.2. The flow enters
the combustion chamber over upper and lower backward-facing steps. As it passes over

the steps the flow expands though a Prandtl-Meyer fan. Just downstream of the step a
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Figure 2.2 Flowfield characteristics.
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subsonic recirculation region is created.>> The flow continues though the reflected shock.
Then it encounters the hydrogen jet. Under-expanded sonic hydrogen is discharged
normal to the flow, creating a barrel shock structure, which includes a classical Mach
disk. These features are seen by the supersonic crossflow as an obstruction to the flow,
which results in the creation of a bow shock upstream of the jet. The bow shock turns the
flow, deflecting the barrel shock and Mach disk over and keeping the ihjectant parallel to
the wall.>*

A shear layer forms between the injectant and crossflow air, due to differences in
their velocities. Interactién of the bow shock with the boundary layer forces the flow to
separate from the wall, creating a recirculation region upstream of the jet injection.
Downstream of the jet, a boundary layer reattachment shock occurs.® The flow passes
through the constant area combustion chamber and then accelerates in the downstream
expansion region.

Injectant cross-section appears kidney-shaped caused by pressure and viscous
forces acting on the fuel injection. The crossflow creates a pair of vortices much the
same way as any obstruction placed in crossflow. Further downstream the presence of a

vortex pair dominates the flow, although the original jet injection has dissipated.*

2.6 Dual-Mode Combustion

As previously discussed dual-mode is the transitional regime between a pure
subsonic flow field, ramjet operation, and a completely supersonic field, scramjet
operation. In a supersonic combustor, the upstream region is not affected by combustion.
However, dual-mode combustion is characterized by extensive interaction with the flow
upstream of the combustion chamber.

Due to the enormous heat release of combustion, the combustion chamber
pressure rises. The ratio of this heat generation to incoming enthalpy is very large. This
results in choked flow downstream (nozzle-throat). Hence, the upstream region may be

affected by the downstream flow. An increased chamber pressure forces the upstream
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shock further upstream, producing a normal shock downstream of the inlet and upstream
of the combustor. Large recirculation bubbles are formed on the isolator walls. Also a
series of oblique shocks form in the isolator between the recirculation bubbles.

The flow field in the isolator region is highly complex and variable. The core
flow may be entirely supersonic. Incoming boundary layer can inherently have a large
effect on such a complex flowfield. The recirculation bubbles are very significant and the
three-dimensional characteristics of the wall and corners can also have a large effect on
the flowfield.">"

2.7 Governing Equations

The governing equations for this problem are continuity, momentum transport,

energy, and species continuity equations. These equations are given below:

%p =~V pv) 2.12)
Jd n
—pv=—(V-{pvw+ )+ 3 pg; (2.1b)
ot i=1

—(%p{U + %02}= —(V - {p(U + %vz)v +q+[x- 1)]})+ i_ZZII(n,' -g;) 2.10)

aitpi = —(V . {pl-v + ji})+ r; i=12-n (2.1d)

In Eq. (2.1a)-(2.1d), p is density, t is time, v is the mass average velocity vector,
7 =1 + pd, in which t is the shear stress tensor, p is the pressure, § is the unit tensor, g; is
the external force per unit mass, U is the internal energy per unit mass, v is the

magnitude of the velocity, q is the multi-component energy flux, n is the mass flux
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relative to stationary coordinates, j is the mass flux relative to the mass-average velocity,
and r; is the rate of production of species i. The set of equations is solved by using an

appropriate numerical procedure.

2.8 Grid Generation

The program Gambit was used to generate the grids used in this study. GAMBIT
(Ref. 37) is a software package designed to build and mesh models for computational
fluid dynamics and other scientific applications. GAMBIT is capable of creating
unstructured and structured grids. The user may specify that the mesh is composed
primarily of tetrahedral mesh elements but it may also include hexahedral, pyramidal, and
wedge elements where appropriate. For a regular structured grid, the user may specify
that the mesh includes only hexahedral mesh elements.

In this study both two-dimensional and three-dimensional grids were created. The
two-dimensional cases utilized unstructured grids with triangular cells. For three-
dimensional cases unstructured grids with hexahedral were used.

2.9 Computer Code

For the present study, the compressible, unstructured code, FLUENT 5.2, was
used to investigate the flow characteristics of the scramjet combustion chamber. The
motivation for using FLUENT 5 code is its ability to handle high speed as well as low
speed flows. The code solves steady and unsteady 3-D Reynolds-Averaged Navier-
Stokes equations. It contains a large database of chemical properties for many species
and reactions. It is also capable of using structured and unstructured grids. In the
following sections, theoretical formulations of Fluent are described. Further details of the

numerical methods used in FLUENT 5.2 can be found in Ref. 38.

The coupled solver in FLUENT solves the governing equations of continuity,
momentum, energy, and species transport simultaneously (i.e., coupled together) as a set,
or vector, of equations. Goveming equations for additional scalars are solved

sequentially (i.e., segregated from one another and from the coupled set). Because the
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governing equations are non-linear (and coupled), several iterations of the solution loop

must be performed before a converged solution is obtained. Each iteration consists of the

steps outlined below:
1. Fluid properties are updated, based on the current solution.
2. The continuity, momentum, energy, and species equations are solved

simultaneously, using either explicit or implicit scheme.

3. Turbulence equations are solved using the previously updated values of
the other variables.

4. A check for convergence of the equation set is made.

These steps are continued until the convergence criteria are met.

2.10 Discretization Scheme

FLUENT uses a control-volume method to convert the governing equations to
algebraic equations. The discrete values are stored at the cell centers. However, face
values are required for the convection terms and must be interpolated from the cell center
values. This is accomplished using an upwind scheme. FLUENT allows a choice of
several upwind schemes: first-order upwind, second-order upwind, power law, or

QUICK. Second-order accuracy is automatically used for the viscous terms.

2.11 Explicit v. Implicit Scheme

Implicit - For a given variable, the unknown value in each cell is computed using
a relation that includes both existing and unknown values from neighboring cells.
Therefore each unknown appears in more than one equation in the system, and these
equations must be solved simultaneously to give the unknown quantities.

Explicit - For a given variable, the unknown value in each cell is computed using
a relation that includes only existing values. Therefore each unknown appears in only
one equation in the system and the equations for the unknown value in each cell can be

solved one at a time to give the unknown quantities.
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2.12 Turbulence Model

FLUENT is capable of using many turbulence models. For this study the RNG-
based k-¢ turbulence model with standard wall functions was used. It is derived from the
instantaneous Navier-Stokes equations, using a mathematical technique called
"renormalization group" (RNG) methods. The analytical derivation results in a model
with constants different from those in the standard k-e model, and additional terms and
functions in the transport equations for k and €. The default value of Schmidt number is
0.7. A more comprehensive description of RNG theory and its application to turbulence
can be found in Ref. 38.

2.13 Chemistry Modeling

An eddy-dissipation model was used to relate the rate of reaction to the rate of
dissipation of the reactant-and product-containing eddies. In turbulent reacting flows,
FLUENT calculates both the Arrhenius reaction rate and the eddy-dissipation-model
reaction rates employing the Magnussen and Hjertager model. The limiting (slowest) rate
is used as the reaction rate and the contributions to the source terms in the species

conservation and energy equations are calculated from this reaction rate.

2.14 Solution Procedure

The Navier-Stokes equations were solved using a second-order finite-volume
integration scheme, the coupled (Block Gauss-Seidel) solver FLUENT. Both implicit and
explicit solvers were used. Courant number was varied from 0.05 to 1 for the explicit
solver. For the implicit solver, CFL values ranged from 1 to 2. Turbulence was modeled
using the RNG k-¢ model with standard wall functions. Steady state was assumed. A

simple one step chemical reaction, using the eddy-dissipation model, was also assumed.

2.15 Boundary Conditions
The test gas was vitiated air set at a Mach number of 2.5, with O,, N,, and H;O
mole fractions of 20%, 55%, and 25% respectively. The total temperature was 2000 K
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and the total pressure was 10 atm. The sonic hydrogen jets had a total temperature of 280
K and a total pressure of 6.64 atm.

No-slip boundary conditions were used along the combustor wall. All walls were
assumed adiabatic requiring the normal derivative of temperature to vanish. Along the
supersonic inflow boundaries, uniform conditions were used for both the freestream and
jets. At the supersonic outflow boundary, non-reflective boundary conditions were used
where the boundary values were found by linear extrapolation from the interior points.
Initial conditions were obtained by specifying freestream conditions throughout the
flowfield.

2.16 Convergence Techniques

To investigate convergence techniques the physical domain of the combustion
system was scaled. The same grid was used for each scaled simulation. However, in
each case, the turbulent length scale was also scaled to represent the length of the scaled
model. Full-scale results were compared to % and % scale results. As a minimum, the
results from scaled geometry may be used to accelerate the convergence of full-scale
geometry simulations. The complexities of the turbulence, mixing and chemical reaction

make scaling of this problem an interesting task.
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3. COMPUTATIONAL CODE VALIDATION

In this section, the validity of the commercial computation fluid dynamics code
(Fluent 5.2) is investigated for the present study. A two-dimensional slot combustion
chamber is used as the validation case. The results are compared with the data from the
literature to determine the validity of the code for systems with significant upstream
interaction.

3.1 Introduction

Two-dimensional CFD analysis of transverse slot injection was performed to
investigate the upstream interaction caused by the sonic injection into the supersonic
flow. Nitrogen was transversely injected at sonic speed into Mach 3.5 free-stream airflow
over a flat plate. The flow field resulting from the interaction of this transverse gaseous
jet with a supersonic free-stream flow was determined experimentally by Spaid and
Zukoski”®. Recent research into this geometry was conducted by Hosangadi et al.** and
Rodriquez'. A simplified analytic model of the flow field was also constructed. The
CFD results are compared with these experimental results and previous computational
studies to validate the use of FLUENT for numerical studies, which are dual mode and

have significant upstream interaction.

3.2 Experimental Arrangement

At the Jet Propulsion Laboratory, California Institute of Technology, a series of
tests were completed in the 20-inch supersonic wind tunnel. Free-stream air flow over a
flat plate with Mach numbers of 2.61, 3.50, and 4.54 was investigated. An
underexpanded sonic jet of N, or He was injected transversely through a slot in the plate
at various reservoir pressures. To maintain a two-dimensional result, end plates were

mounted at either end of the slot for most of the experiments. Test-section flow
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parameters, jet-reservoir flow parameters, and wall pressure distributions were measured.
Details on the model configuration and experimental results are given in Ref. 39. The
case investigated in this study (13 in Table 1, Ref. 39) was for transverse injection of
sonic N into Mach 3.5 air with a pressure ratio of 63.5 (pj/ps). Experimental results
show that the flow became fully turbulent well before the slot injection.

3.3 Numerical Model

Figure 3.1 provides a schematic of the computational domain, which began at the
leading edge of the flat plate ending 9 inches downstream of the slot injection. The slot
of diameter 0.0105 inches was located 9 inches downstream from the leading edge. The
height of the domain was 4.5 inches. The computational mesh is shown in Fig. 3.2. The
structured grid was clustered in the regions of the jet and the wall.

The boundary conditions for this case are given in Table 3.1. These conditions
were assumed to be uniform inflow conditions. No-slip boundary conditions were used
for the flat plate, which was assumed to be adiabatic. At the supersonic outflow, non-
reflective boundary conditions were used where the boundary values were found by linear
extrapolation from the interior points. Initial conditions were obtained by applying free-
stream inlet conditions throughout the flow field. Since the flow temperatures were
below room temperature, no dissociation was assumed of the gases, which were also
assumed to be calorically perfect. The flow was assumed to be turbulent; turbulent
intensities of 1%, 5%, and 10% were investigated. The RNG k-epsilon turbulence model
was used. Flow field results were obtained with Fluent 5.2 [Ref. 38].

3.4 Results of Validation

The two-dimensional flowfield of transverse sonic injection into supersonic flow
was investigated and comparisons were made with the wall pressures. Computational
results for a structured grid with different turbulence intensities were compared with
experimental results.
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Figure 3.1 Computational domain of code validation case.
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Figure 3.2 Two-dimensional slot injection mesh.
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Table 3.1. Boundary conditions

Free-stream Air Jet Injection N,
M 35 1.0
P, (psi) 349 55.1
P, (psi) 0.458 29.1
T, (R) 566 525
T, (R) 165 438
Velocity (ft/s) 2200 1043

24
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Wall static pressure distribution is shown in Fig. 3.3. Static pressure is
normalized by the free-stream flow static pressure. All results show fairly good
agreement with experimental results of Ref. 39. However, results using turbulent
intensity of 5% show the best agreement. In all cases, the magnitude of the pressure rise
and the downstream effects are well predicted. It is in predicting the length of the
upstream interaction that is highly dependent of the turbulent intensity. Some
discrepancies are noted due to the fact that the boundary conditions are assumed to be
uniform, with turbulent flow throughout the entire flow field and that calorically perfect
gases are assumed.

Figure 3.4 shows the static pressure contours for each of the 3 cases: 1%, 5%, and
10% turbulent intensity. The slot jet expands into the flow field creating a barrel shock.
This injection penetrates the flow field causing the free-stream flow to be blocked.
Therefore, the flow must turn, which generates a shock in front of the jet injection. The
existence of an upstream separation region causes the wall pressure to increase in the re-
circulation region as shown. Figure 3.5 shows the velocity vector and streamline plots.
The upstream re-circulation zone is readily apparent, as are the vortices in the region of
the slot injection.

Figures 3.6 and 3.7 show the Mach number and N, mole fraction contours,
respectively. Again the existence of the barrel shock and an upstream subsonic re-
circulation zone is apparent. Also, it can be seen that the re-circulation region ahead of
the jet convects nitrogen upstream, while most of the nitrogen remains close to the wall.

A numerical study of the two-dimensional transverse sonic injection into
supersonic flow over a flat plate was conducted to provide understanding of the key
features of upstream interaction, physical and numerical issues, and to validate use of the
commercial code FLUENT for such numerical cases. Supersonic flow over a flat plate
with normal jet injection was numerically modeled using a simplified two-dimensional
slot injection model. This injection of under-expanded gas produced a large amount of

upstream interaction. The results of the computational investigation were compared with
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Figure 3.4 Static pressure contour plots.
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experimental results from tests performed at the Jet Propulsion Laboratory at the
California Institute of Technology. It was found that using the commercial code
FLUENT provided excellent computational results for this case. The computed flow
field showed the correct physical characteristics. The calculated wall pressure profiles
compared well with the experimental data. While all cases showed accurate prediction of
the magnitude of the upstream pressure increase and accurate portrayal of the downstream
wall pressure, use of 5% turbulent intensity provided the best computational results, most
accurately predicting the length of the upstream separation region.
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4. RESULTS AND DISCUSSION

In this section numerical results are presented and discussed for two-dimensional
and three-dimensional models of the Japan National Aerospace Laboratory combustion
chamber experimental model (JNAL), a dual-mode scramjet combustor configuration. In

each subsection the specific cases are explained.

4.1 Two-Dimensional - Half-Height Domain

This two-dimensional model was based on the JNAL scramjet combustor (Fig.
2.1). The geometry was simplified to have one upper and one lower jet. Slot diameter
was calculated to maintain the fuel to air ratio of the original three-dimensional
combustor. The boundary conditions are given in Table 4.1. To further simplify the
computational model, only half of the domain was created (Fig. 4.1). A symmetry plane
was assumed at the centerline between the upper and lower jets. The results presented in
this section were obtained using an unstructured grid consisting of 76,000 triangular cells,
shown in Fig. 4.2. Results obtained using % and %2 scale models are compared with those
obtained using full-scale model.

The Mach number contour plots are given in Fig. 4.3. Main characteristics of the
flow are well developed and are quite similar for each scaled model. Hydrogen injection
expands from sonic and then recompresses forming the Mach disk. The bow shock is
formed as the supersonic air interacts with the subsonic injectant. Leeward of the Mach
disk a recompression shock is observed. Figure 4.4 shows a blowup of the Mach number
contours around the injection port. A closer view of this figure indicates that the 2 scale
and Y scale results are quite similar although some deviation from the full-scale results is
clearly seen in this figure. Figure 4.5 shows a direct comparison of the shock systems (at

M=2.5) While the results are similar, deviations are seen leeward of the barrel shock.



Table 4.1 Boundary conditions for half-height domain

5;:;::;3;; Jet Injection
M 25 1.0
Pt (atm) 10 6.64
Ps (atm) 0.55 3.51
Tt (K) 2000 280
Ts (K) 1055 233
Velocity (m/s) 1654 1160

33
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Figure 4.1 Schematic of half-height combustion chamber model.

Figure 4.2 Unstructured grid.
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Static pressure contours are shown in Fig. 4.6. Characteristic flow features,
including expansion fan at steps, barrel shock, and Mach disc around injection are similar
regardless of scale. The upstream interaction reaches only to the steps in all cases.

Figures 4.7 and 4.8 show the temperature and H,O mass fraction contours plots,
respectively. It is seen that the recirculation region ahead of the jet convects hydrogen
upstream. Water is rapidly produced by combustion near the injection and diffuses in the
leeward. Again the scaled models capture the qualitative characteristics of the flow.

Velocity vectors and streamlines are shown in Figs. 4.9 and 4.10. These figures
show clearly the recirculation zones created by the steps and the jet injection. The results

are similar for all geometric scales.

4.2 Two-Dimensional - Full-Height Domain

Numerical results for a scaling investigation of a two-dimensional simplified dual-
mode scramjet combustor configuration (Fig. 4.11) with significant upstream interaction
were obtained using a coarse unstructured grid consisting of 30,000 triangular cells,
shown in Figure 4.12. The geometry was simplified to have one upper and one lower jet
(slot diameter was calculated to maintain the fuel to air ratio of the original three-
dimensional combustor). To encourage upstream interaction a lower total pressure and
static pressure for the freestream vitiated air was used. The boundary conditions are
given in Table 4.2. Comparisons are made between symmetric results (at early iterations)
and asymmetric results (much more iterations). While convergence was decent (residuals
0[107%)), these results cannot be considered a steady state “solution,” due to the periodic
nature of the results.

The Mach number contour plots for the asymmetric results are given in Fig. 4.13.
Main characteristics of the flow are well developed and are quite similar for each scaled
model. Hydrogen injection expands from sonic and then recompresses forming the Mach
disk. The bow shock is formed as the supersonic air interacts with the subsonic injectant.

Leeward of the Mach disk a recompression shock is observed.
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Figure 4.6 Pressure contours.
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Figure 4.7 Temperature contours.
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Figure 4.8 H;0 mole fraction contours.
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Figure 4.9 Velocity vectors and streamlines.
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Figure 4.10 Velocity vectors and streamlines at injectant location.



Table 4.2 Boundary conditions for full-height domain

\fir:;:t:ga:;, Jet Injection
M 25 1.0
Pt (atm) 5 6.64
Ps (atm) 0.275 3.51
Tt (K) 2000 280
Ts (K) 1055 233
Velocity (m/s) 1654 1160
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Figure 4.11 Schematic for full-height combustion chamber model.

Figure 4.12 Unstructured grid.
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Figure 4.13 Mach number contours.
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Figure 4.14 coﬁ:pares the Mach number contours of each model around the
injection. Each model has similar features including the injectant height. Figure 4.15
shows a direct comparison of the shock systems (at M = 1.8). The results produced by
the subscale models are quite similar.

Static pressure contours are shown in Fig. 4.16, for both symmetric results and
asymmetric results. Characteristic flow features, including expansion fan at steps, barrel
shock, and Mach disc around injection are similar regardless of scale. The upstream
interaction is less than one isolator height for the symmetric results, but extends much
further upstream for the asymmetric result.

Figures 4.17 and 4.18 show the temperature and H,O mass fraction contours
plots, respectively, for the asymmetric results. The large recirculation region ahead of the
jet carries hydrogen upstream. Water is rapidly produced by combustion near the injection
and diffuses leeward. Again, the scaled models capture the qualitative characteristics of
the flow.

Velocity vectors and streamlines for symmetric and asymmetric results are shown
in Figs. 4.19 and 4.20, respectively. These figures show clearly the recirculation zones

created by the steps and the jet injection. The results are similar for all geometric scales.

4.3 Three-Dimensional Jet-to-Jet Symmetric Model

Numerical results for a three-dimensional jet-to-jet geometry are presented and
discussed in this section. As shown in Figure 4.21, the computational domain was
simplified to encompass half of the upper and half of the lower jet using the symmetry
condition. Results presented in this section were obtained using a relatively coarse
unstructured hexahedral grid consisting of 86,000 cells. Grid refinement was tested using
a finer grid but qualitatively no significant differences in the overall flow structures were
observed. Mesh cells were concentrated around the walls, particularly in the region of the
steps and jets. The boundary conditions are noted in Table 4.3. The available

experimental data is from pressure taps located along the duct centerline.
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Figure 4.16 Normalized pressure contours.
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Figure 4.17 Temperature contours.
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Figure 4.18 H)O mole fraction contours.
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Figure 4.19 Velocity vectors and streamlines for symmetric results.
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Figure 4.20 Velocity vectors and streamlines for asymmetric results.




55

‘32:2";‘1\\ W wﬂ.u?::v. w ‘ I
T T., | 4‘ & m 0.0384 w
aj[“ ‘ fuel ix:::m:;m{;'

t _ ,
U.0032 = k- [

T

0.0128 m
[ K—— 0.096 0.35 m

Figure 4.21 Schematic of experimental combustion chamber.



Table 4.3 Boundary conditions for three-dimensional investigation

VFir:tei:tggaEr Jet Injection
M 25 1.0
Pt (atm) 10 6.64
Ps (atm) 0.55 3.51
Tt (K) 2000 280
Ts (K) 1055 233
Velocity (m/s) 1654 1160

56



57

In References 6 and 7, three separate data sets are available for the above
conditions. Rodriguez'* explains the uncertainty in the data. For consistency, this study
compares the results to the same data set as analyzed in Reference 14.

A simplified % scale three-dimensional combustor model was used to reduce the
physical distance for the upstream interaction to traverse against the main flow.
Specifically, a convergence-acceleration technique to reduce the computational time and
minimize resources requirement was examined. A comparison was made between the
asymmetric results. The Y scale and full scale cases reported a symmetric flowfield at
earlier iterations. It is assumed that for further iterations the large upstream separation

region will oscillate between each wall. Numerical results from the present study are not

fully converged solutions. While the residuals are O [10-%], the solution appears to be
transient. The results shown are at intermediate steps.

The Mach number contour plots, given in Figure 4.22, are shown at the centerline
between the upper and lower fuel jets. The pressure rise due to the heat released by
combustion is so large that shock waves are generated in the upstream of the steps and the
core flow is decelerated almost to subsonic and accelerated again to supersonic in the
expansion region. Both cases report significant upstream interaction; however, the extent
of the upstream interaction is different. The resulting flow is asymmetric and the extent
of the upstream interaction is more than three isolator heights. This figure shows that a
large separation bubble occurs on the lower wall, and the supersonic core flow is
displaced to the upper flow region. In fact, at the injector station, the lower half of the
combustor is subsonic, while the upper half is predominantly supersonic. This will
certainly be expected to impact the fuel penetration and mixing. Finally, at about one
isolator height downstream of the step, the subsonic pockets end and the core flow begins
to expand with supersonic flow filling the duct.

Although the flow characteristics, separated flow and core flow, are similar for
both full scale and % scale models, the degree of upstream interaction is larger for the %
scale solution. Fewer iterations are needed to obtain intermediate Y scale results. These
results may provide initial conditions to start the full-scale analysis, and can lead to

significant reduction in the computer time required to obtain a converged solution. This
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acceleration approach does not require a fully converged solution, as the sub-scale model
over-predicts the interaction.

Lower wall static pressure distribution along the centerline between upper and
lower jets is compared in Figure 4.23. These results show fairly good agreement with
experimental results of Refs. 7 and 8. The extent of the upstream interaction is over-
predicted when the Y scale is used and is close to the experimental values when the full
scale is used. The peak wall pressure is slightly under-predicted using the full scale and
over-predicted using the Y scale model. The impact of the shock-train on the upper wall
is also apparent. The solutions show that most of the important features are well
resolved. Discrepancies in the amount of upstream interaction are noted. This may be
due to the fact that the boundary conditions are assumed to be uniform and the amount of
separated flow is dependent on the local boundary layer momentum thickness; starting
with uniform flow may affect the results. It should also be noted that more detailed
measurements are required to determine the initial shock strength/pressure rise.

Velocity vectors plot and streamlines are shown in Fig. 4.24. As expected, the %
scale model predicts larger upstream interactions. This figure shows clearly the
asymmetries of flow with much upstream interaction and larger circulation bubble at the
lower wall. It is also apparent that the separation bubble is rapidly closed in the
combustion region, due to the constant high pressure.

In Fig. 4.25 the static pressure contours for the plane located along centerline of
the jets is shown. Note that the peak pressure occurs just downstream of the fuel injectors
for both full scale and Y scale cases. After this peak pressure the pressure distribution
becomes more uniform, top to bottom. This is also the point at which the low-subsonic
bubble is dissipated and the very low supersonic core flow expands to fill the duct.
Clearly, the characteristic equal wall pressures downstream of the “thermal throat” are
apparent in this figure.

Figures 4.26 and 4.27 show the H,0 mass fraction and the temperature contours at
the centerline between the fuel jets. As expected, combustion products are transported

upstream on the lower wall, which has the larger recirculation region, while on the
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upper wall no upstream transport occurs due to the proximity of supersonic core flow.
However, compared with the full-scale model, the % scale model produces more H,O
mass fraction upstream in the injector region. This is consistent with the larger amount of
upstream interaction predicted by the sub-scale model. Static temperature is dependent of
the local Mach number and combustion. As expected, the temperature is higher for the
lower half of the isolator due to both effects. Temperature is also very high in the
recirculation region behind the steps, which are effective flame holders.

Cross flow contours of the injectant mole fraction at three axial locations
downstream of the step are shown in Fig. 4.28. The longitudinal locations of these planes
are shown in Fig. 4.22. Hydrogen from the lower jets seems to penetrate further into the
cross flow. The pronounced decrease in the mole fraction distribution near the upper wall
downstream of the injection is due to a relatively low level of circulation and weaker
vortices created by the asymmetric flow structure upstream of the injectors as shown in
Fig. 4.29. This figure compares the cross flow velocity vectors plots at the same three
positions downstream of the step. As expected the lower jets penetrate higher. These
create significant blockage to the subsonic air flow, as shown in Fig. 4.30, and hence
create large recirculation. A revealing feature apparent in both cases is the large size of
the lower circulation bubbles and the small upper circulation bubbles. The development
of asymmetric flow structure between the top and the bottom regions is not evident in the
experimental data. Results obtained from the % scale model are essentially identical to
the results from the full-scale model.

Mach number at three locations downstream of the jets are shown in Fig. 4.30.
Close to the jets the flow is primarily subsonic. In fact, at the injector station a very small
supersonic core exists. This core flow rapidly expands by 0.25 m and 0.35 m. Also
apparent is the supersonic core from the “sonic” injectors. Both sub-scale and full scale
models show similar results.

A comparison of the solutions shows that most of the important features were well
resolved for geometric scaled models. The extent of the upstream interaction is similar in
each case. The numerical results for the two-dimensional full-height domain and the

three-dimensional jet-to-jet symmetry show asymmetric flow-structures with
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Figure 4.28 Injectant mole fraction contours at 3-axial locations.
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larger separation zone on one wall extending further upstream of the step. The numerical
results are remarkably unaffected by geometrical scaling of the computational domain for
the conditions employed. Since the large pressure rise due to combustion dominates the
flow, it is not surprising that a scaled model captures the flow field well. The results
clearly show that the transient development of the upstream interaction region increases
significantly and develops rapidly in such a sub-scale model. This study supports the
argument that numerical scaling is useful in simulating dual-mode scramjet combustor
flow-fields. The scaled results could be interpolated into a full-scale solution to
accelerate convergence. Because the upstream interaction moves upstream during
development, it is not necessary to have a fully converged solution before passing to the

larger scale.

4.4 Breakdown of Symmetric Assumption

Numerical results for a simplified dual-mode scramjet combustor configuration
with significant upstream interaction are presented and discussed in this section. In the
previous section asymmetric results were observed. In order to understand this
asymmetric phenomenon, additional studies were made. The change in the flow field
from a symmetric solution to an asymmetric solution is investigated. Numerical results
for two-dimensional model and a three-dimensional simplified jet-to-jet geometry are
presented and discussed.

4.5 Two-Dimensional - Full-Height Domain

The two-dimensional model was based on the JNAL scramjet combustor. The
geometry was simplified to have one upper and one lower jet (slot diameter was
calculated to maintain the fuel to air ratio of the original three-dimensional combustor).
A schematic of this combustor configuration is shown is Figure 4.11. To encourage
upstream interaction a lower total pressure and static pressure for the freestream vitiated
air was used. The boundary conditions are given in Table 4.2. Results presented in this
section were obtained using a coarse unstructured grid consisting of 30,000 triangular
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cells. The computational grid around steps and jet injection is shown in Fig. 4.12.

The Mach number contour plots are given in Fig. 4.31. Figure 4.31a shows well-
developed characteristics of the flow. The flow is nearly symmetric with some upstream
interaction. Leeward of the Mach disk a recompression shock is observed. Figure 4.31b
shows that as the number of iterations increases, the flow still has significant upstream
interaction and is relatively symmetric. However, main characteristics of the flow such as
the recompression shock are no longer clearly visible. Finally after 49,000 iterations (Fig
4.31c) the solution is asymmetric. There exists a large separated region of subsonic flow
on the bottom wall and a very small region on the upper wall. Also, downstream of the
Jets the solution does not have such clearly defined characteristics. Finally, after more
iterations, the flow appears to become symmetric again with little upstream interaction.
This result is shown in Fig. 4.31d. Further iterations show the flow pushes upstream
again and becomes asymmetric. The asymmetry appears to be random with the larger
separation region occurring on either wall. This contour plot also shows the impact of the
upstream flow separation on fuel penetration.

Figure 4.32 compares the normalized static pressure contours around the injection
at different numbers of iterations. The pressure is normalized by the free-stream static
pressure. In Fig. 4.32a, the flow is symmetric with only a little upstream interaction.
After many more iterations the flow completely becomes asymmetric, then symmetric
again. The pressure in the combustion region appears to be higher for larger upstream
interaction, supporting the idea that the pressure rise due to combustion dominates the
flow field and is responsible for the upstream interaction. Velocity vectors and
streamlines are shown in Fig. 4.33. Upstream recirculation areas as well as recirculation
around the jets are clearly visible in these plots.

Figures 4.34 through 4.36 show H;O mole fraction, H, mole fraction and
temperature contours plots. In all cases, it is apparent that the recirculation region ahead
of the jet convects hydrogen upstream. Here, combustion produces water that is readily
dispersed leeward.
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d. 83,000 iterations

Figure 4.31 Mach number contours.
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Figure 4.33 Velocity vectors and streamlines.
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d. 83,000 iterations

Figure 4.34 H>O mole fraction contours.
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Figure 4.35 H, mole fraction contours.
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d. 83,000 iterations

Figure 4.36 Temperature contours.
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4.6 Three-Dimensional Jet-to-Jet Symmetric Model

As shown in Fig. 4.21, the computational domain was simbliﬁed to encompass
half of the upper and half of the lower jet using the symmetry condition. Results
presented in this section were obtained using a relatively coarse unstructured hexahedral
grid consisting of 86,000 cells. Grid refinement was tested using a finer grid but
qualitatively no significant differences in the overall flow structures were observed.

Mesh cells were concentrated around the walls, particularly in the region of the
steps and jets. Numerical results from the present study are not fully converged solutions.

While the residuals are O [10-*], the solution appears to be transient. The results shown
are at intermediate steps.

The Mach number contour plots, given in Figs. 4.37 and 4.38, are shown at the
lower fuel jet, centerline between the upper and lower fuel jets, and at the upper fuel jet
respectively. The contour plots are from 9,600 iterations and 30,000 iterations. The
pressure rise due to the heat released by combustion is so large that shock waves are
generated upstream of the steps and the core flow is decelerated and then accelerated
again to supersonic in the expansion region. The resulting flow is symmetric and the
extent of the upstream interaction is about 1.5 isolator heights. Note that for this solution
the “supersonic core” flows over both jets, and through the center of the duct on the
centerline between the jets. Another interesting phenomena shown here is the appearance
of a normal shock in the “core” flow near the injector.

As the flowfield continues to develop, the degree of upstream interaction
significantly increases and the resulting flowfield is not symmetric. Figure 4.38 shows
that the lower separation region is much larger than the upper one and the overall
upstream interaction has dramatically increased. This asymmetrical flow is characterized
by the uniform core flow which is uniformly lifted over the solution domain at the
injector station. Downstream of the injector station the “core” returns to the symmetric
behavior as it expands rapidly downward between the lower jets, continues upward
between the upper jets, and remains slightly above the vertical centerline of the solution

plane between the fuel injectors.
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Wall static pressure distribution along the centerline between upper and lower jets
(for asymmetric results both walls and for symmetric results lower wall) is shown in Fig.
4.39. The asymmetric results show fairly good agreement with experimental results of
Ref. 13. The lower wall shows a relatively smooth solution, while the upper wall seems
to oscillate around the experimental results. A comparison shows that most of the
important features were well resolved. The extent of the upstream interaction is close to
the experimental values and the peak wall pressure is slightly under-predicted. The
impact of the shock-train on the upper wall is also apparent. Some discrepancies are
noted due to the facts that a simplified geometry is used, boundary conditions are
assumed to be uniform, and a simple 1-step chemistry model is employed. Similar
numerical results using a similar computational domain were reported by Ref. 16. The
lower wall pressure distribution for the symmetric results reports lower pressure
throughout the domain and much less upstream interaction. This finding is consistent
with the belief that the pressure increase due to combustion is responsible for the
upstream interaction.

Velocity vectors and streamline plots are shown in Fig. 4.40. This figure shows
clearly the change in the flow structure from symmetric flow with smaller upstream
interaction (at the intermediate step) to asymmetric flow with bigger upstream interaction
and larger circulation bubble at lower wall when the flow continues to develop with
iterations.

Figures 4.41-4.43 show static pressure, H;O mass fraction, and temperature
contours at the centerline between the fuel jets. It is seen that the recirculation region
ahead of the jet convects hydrogen upstream and water is rapidly produced by the
combustion near the injection and diffused in the leeward.

Figure 4.44 shows cross flow velocity vector plots at three positions downstream
of the step. Close to the jets the flow is primarily subsonic. At the expansion region
downstream of the jets the flow is accelerated. A revealing feature in these plots is the
increased size of the lower circulation bubbles and the decreased size of the upper
circulation bubbles as the flow continues to develop. This can be attributed to the

asymmetric flow developed upstream of the injection. As discussed earlier, the
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development of asymmetric flow structure between the top and the bottom regions is not
evident in the experimental data. Figures 4.45 and 4.46 focus on the flow field
downstream of the steps for the asymmetric case, showing velocity vectors with
streamlines and vorticity contour plots, respectively. These figures show how the
separate vortices merge together to form a large vortex pair and the magnitude of vorticity
dissipates further from jet.

Cross flow contours of the injectant mole fraction, H,O mole fraction, Mach
number, and temperature at three locations downstream of the jets are shown in Figs. 4.47
to 4.50. Greater fuel penetration of the lower jet and better mixing in the lower region is
apparent when comparing the symmetric and asymmetric results. The pronounced
decrease in the mole fraction distribution near the upper wall downstream of the injection
is due to a relatively low level of circulation and weaker vortices downstream of the
injection.

While investigating geometric scaling of this dual mode combustor, an
asymmetric result was found, when a symmetric result was expected. Asymmetry was
observed as a large recirculation region upstream present on only one wall. This
asymmetric flow structure is not seen in the experimental data. The breakdown of the
symmetric assumption became a focus of this numerical study.

A comparison of the intermediate flowfield solutions yields the deterioration of
the symmetry assumption, as the extent of upstream interaction increases. The steady
state “solutions” appear to be periodic. With further iterations, the large separation
bubble oscillates from one wall to the other. Also, note that the static wall pressure
distributions oscillate around the experimental results.

Numerous studies have shown that flow in a symmetric sudden expansion duct
may be asymmetrical. The cause of this instability is yet unknown. It has been proposed
that the asymmetries in the recirculation region downstream of the sudden expansion are
related to shear layers and to coherent flow structures embedded in the random velocity
fluctuations. In this dual-mode combustor, asymmetries are likely to be caused by the

same phenomenon. The initial perturbation may occur downstream and be carried
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Figure 4.45 Velocity vectors and streamlines at 6-axial locations.
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Figure 4.46 Axial vorticity contours at 6-axial locations.



)m‘\ f i

x=0.35m x=0.35m
a. Symmetric b. Non-symmetric

Figure 4.47 Injectant mole fraction contours at 3-axial locations.
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Figure 4.48 H>0 mole fraction contours at 3-axial locations.
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upstream into the isolator region by the recirculation bubble or occur in the upstream
separated region.

Many studies have shown that an understanding and accurate model of turbulence
are important for both sudden expansion and dual-mode combustion configurations.
Especially crucial is the investigation of self-generated turbulence in the recirculation
regions. For sudden expansion ﬂow, the self-generated turbulence dominates the flow
field. Similarly, the dual mode combustor flowfield is dominated by extensive upstream
interaction, or self-generated turbulence.

Large upstream recirculation regions may be responsible for creating a situation
where the flow may become asymmetric as well as being the source of the perturbation.
It is possible that when the upstream recirculation regions become large, they essentially
reduce the duct cross-section to a small fraction of the geometrical cross section. Also, as
the interaction extends far upstream, the narrow duct is elongated. With the addition of
dual backward facing steps, the appearance of a sudden expansion geometry is created.
Therefore, the presence of large upstream recirculation regions is responsible for creating
a “sudden expansion” geometry.

Since similar turbulent flows are known to have time dependent results, it seems
likely that the asymmetries in this dual-mode combustor case are due to the flow physics,
not a numerical error. Although the geometry of the present study does not qualify as a
sudden expansion geometry, the flow fields have similar features, especially the presence
of such large separation regions. It seems logical that if instabilities can occur in
separated regions, they will in this complex dual-mode combustor scenario.

Based on research into asymmetric flow in sudden expansion geometries, the

possible mechanism of the breakdown of symmetry can be described below:

1. Heat released during combustion increases chamber pressure forcing the separation

region further upstream.

2. As the recirculation region grows, the shape of the velocity profile is changed. In

effect, it creates a situation where the cross-sectional area of flow channel is much
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smaller than the actual channel. Downstream, either at the steps or downstream of jet
injection, this flow is subjected to a large expansion. Numerous studies have

observed transient or asymmetric behavior in sudden expansion geometries.

. The separated shear layers receive positive momentum from the free stream, thereby

creating large vortices. The presence of these coherent structures is the source of the
instability. This mechanism is currently the focus of numerous experiments and
studies.

. Asymmetry can be observed by the presence of a larger separation region on one wall.

. As the size and location of the separation regions change, “widening” the flow

channel occurs. The perceived aspect and area ratios of the flow decrease. This has a
stabilizing effect.

. Separation regions decrease and the flow field again becomes symmetric.

. This cycle begins again.
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S. CONCLUSIONS AND RECOMMENDATIONS

Computational fluid dynamics results have been presented for an analysis of a
two-dimensional and a three-dimensional dual-mode scramjet combustor with significant
upstream interaction. This study has been conducted to provide basic understanding of
key features of upstream interaction, and to identify physical and numerical issues
relating to modeling of dual-mode scramjet configurations. Results were presented for a
two-dimensional model with symmetry assumption, a two-dimensional model without
symmetry assumption, and a three-dimensional jet-to-jet symmetry assumption model.

The following list summarizes some of the information gathered:

1. Results obtained from the sub-scale domain qualitatively recovered the flow physics
obtained with the full-scale model.

2. The flow field is not completely dependent on upstream profile. Without an inlet
boundary profile, the numerical solution still captures the flow physics. This is not
consistent with the usual strong dependence on boundary layer momentum thickness
in most isolator models. But is consistent with sudden expansion characteristics and
Abbott and Kline’s belief that the turbulent characteristics of separation dominate the
flow field. Also Matsuo et al.'® and Mizobuchi et al.'' conclude that turbulence
modeling is the key to accurate simulation of dual mode combustor.

3. For dual-mode systems, a sub-scale solution could be used as an initial condition for a
full-scale simulation. This technique could be used in early transients and then
interpolated into a full-scale solution process to accelerate convergence.

4. Results show substantial oblique shock train upstream of the fuel injectors. Strong
shock-boundary layer interactions create separated regions. These flow characteristics
significantly slow the numerical convergence as the length of upstream interaction
increases slowly with iterations.

5. As the upstream interaction continues to develop, the symmetric assumption fails to
persist when the length of the interaction exceeds the isolator height. The numerical
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results show asymmetric flow-structures with larger separation zone at the lower wall
extending further upstream of the step. This larger recirculation bubble oscillates
between the upper or lower wall.

. Numerical convergence is not achieved. For continued iterations the asymmetric flow
oscillates, from one wall to symmetric result to the opposite wall. This suggests a
time dependent solution.

. The asymmetric flow structure is not shown in the experimental data. Currently, it is
unknown if this asymmetric flow-structure is a physical phenomenon or developed

due to numerical modeling. However, it seems likely that the experimental results are -

time averaged. Note that the wall pressure distributions oscillate around the
experimental results.

. Comparisons of the wall static pressure show fair agreement with experimental data
with a slight underprediction in peak wall pressure.

. Extensive numerical analysis is being conducted to understand the breakdown of the
symmetry assumption when the upstream interaction increases. This report presents
two possibilities. 1) It is possible that when the upstream interaction progress far
enough, it essentially reduces the duct cross-section to a small fraction of the
geometrical cross section. If this occurred, the presence of small backward facing
steps would be seen by the flow as a sudden large expansion. It has been shown that
the presence of sudden expansions in symmetric ducts can result in asymmetric
behavior. This asymmetric perturbation is normally observed in the recirculation
region downstream of the steps. With large upstream interaction, the asymmetry
would also extend upstream into the isolator region. ii) It is also possible that the
asymmetry in the upstream separated region is created much the same as the
frequently observed asymmetry in the separated region downstream of a step. This
mechanism is not truly understood. Yet, it has been proposed that these asymmetries
are related to shear layers and to coherent flow structures embedded in the random
velocity fluctuations. With the presence of such large separation regions, extending
upstream and downstream of the step, it seems logical that if instabilities can occur in

separation regions, they will in this complex scenario.
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10. One step in investigating this asymmetric phenomenon is to model a two-dimensional
dual-mode scramjet combustor and provide time accurate results. This would help to
determine if the flow is periodic. Also a three-dimensional model comprised of an
entire half of the domain should be considered using a symmetry boundary to
represent the other half. Finally, if the time allowed and the computer capability was
allocated, the whole geometry should be considered using both steady and time
accurate simulation.
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